Summary: Current therapies for X-linked adrenoleukodystrophy (X-ALD) include replacement therapy with adrenal steroids, which is mandatory for all patients with impaired adrenal function but does not alter neurological progression significantly; dietary therapy with "Lorenzo's Oil," which appears to have a preventive effect in asymptomatic boys whose brain MRI is normal; and hematopoietic stem cell transplantation in patients in the early stage of the cerebral inflammatory phenotype. Application of these interventions requires careful assessment of the patients' phenotype, which often changes over time. Family screening provides important opportunities for disease prevention.
INTRODUCTION
X-linked adrenoleukodystrophy (X-ALD) is caused by a defect in the gene ABCD1 that maps to Xq 28 and codes for ALDP, a peroxisomal membrane protein. 1, 2 ALDP is a member of the ATP-binding cassette (ABC) transporter superfamily. 3 For reasons that are not yet understood this defect leads to the accumulation of saturated very long chain fatty acids (VLCFA) such as hexacosanoic acid (C26:0) in the adrenal gland and nervous system white matter 4 and other tissues and in plasma. 5 The VLCFA excess appears to be due to their impaired degradation, 5, 6 a reaction that normally takes place in the peroxisome, 7 although recent studies indicate that the defects in fatty acid metabolism are complex and not yet fully understood. 8 Demonstration of excess of VLCFA in plasma is the most commonly used diagnostic assay. 5 The VLCFA excess may also contribute to pathogenesis. 9 The mode of inheritance is X-linked. Males are affected most severely, but approximately 50% of women heterozygous for X-ALD develop some neurological deficits in middle age or later. 10, 11 The incidence in males is estimated to be 1:21,000, and 1:14,000 in females. 12 All ethnic groups are affected without apparent predilection for any one group. More than 500 different mutations in the ABCD1 gene have been described in X-ALD patients, 13 and are updated in the website http://www.x-ald.nl). Demonstration of a characteristic pattern of increase in the levels of VLCFA in plasma is a reliable method for confirming the diagnosis in males; these levels are already increased at birth. 5 False negative results with the plasma VLCFA assay occur in 15 to 20% of women heterozygous for X-ALD, and mutation analysis is required for the definitive identification of carriers.
14 X-ALD must be distinguished sharply from neonatal adrenoleukodystrophy, which has an entirely different phenotype, biochemical and genetic basis and an autosomal recessive mode of inheritance. 15 
PHENOTYPES

Phenotypes in X-ALD males
Cerebral inflammatory forms. Approximately 50% of patients with the genetic defect of X-ALD develop the inflammatory cerebral form at some time in their life. The childhood cerebral phenotype is the one described initially by Siemerling and Creutzfeldt, 16 and until 1976 was considered to be essentially the only phenotype. It is associated with an intensely inflammatory demyelination that involves the cerebral hemispheres mainly. In approximately 85% of the patients the initial and most severe lesion involves the parieto-occipital regions and spreads rostrally. 17 In approximately 15% the initial lesion involves the frontal lobes. 18 Intense perivascular infiltration with lymphocytes is a key feature which was emphasized by Paul Schilder, 19 whose name was attached originally to the disorder. The perivascular lymphocytes are mainly CD8 cytotoxic t-lymphocytes. This inflammatory response is a characteristic feature of this form of X-ALD, and leads to cytolysis of oligodendrocytes. The action of inflammatory cytokines has been demonstrated and autoimmume mechanisms that involve CD1-mediated lipid antigen presentation have been proposed. 20, 21 The abnormal accumulation of VLCFA in brain white matter is thought to play a role in the myelin and axon destructive cascade that occurs in the cerebral forms of X-ALD. 21, 22 The symmetrical parieto-occipital or frontal location lesions are associated with breakdown of the blood brain barrier and accumulation of contrast material leads to rather characteristic brain MRI abnormalities. 18, 23 Loes et al. 24 developed a frequently used system for grading the degree of MRI abnormality in X-ALD. Abnormalities in MR spectroscopy precede changes demonstrable by conventional MRI. 25, 26 The cerebral forms of X-ALD present most commonly in childhood between four and eight years of age. Early development is entirely normal, with normal neurological development, cognitive function and normal brain MRI. 27 Brain MRI abnormalities precede symptoms. 28 In our experience, 21 months is the earliest age of clinical manifestations. Onset prior to 3 years of age is rare. The initial manifestations resemble those of attention deficit hyperactivity disorder (ADHD) or psychological disorder. Other common initial symptoms are defects in auditory discrimination or visual processing, impaired spatial coordination, poor handwriting, impaired memory, declining school performance and occasionally seizures. The illness advances rapidly and often leads to severe neurological disability within two to three years with death at varying intervals thereafter. Adrenal insufficiency is often the initial manifestation of X-ALD and more than 70% of patients have primary adrenocortical insufficiency. The initial manifestations of the cerebral forms may also occur in adolescence and adulthood, but for unknown reasons the susceptibility for the inflammatory cerebral phenotype diminishes with age. 28 -30 The risk for developing the inflammatory cerebral phenotype diminishes substantially in neurologically asymptomatically boys whose brain MRI remains normal until 7 years of age.
30
Adrenomyeloneuropathy (AMN)
In our experience virtually all males with the gene abnormality develop some type of neurological abnormality during their life span. Approximately 45% develop the adrenomyeloneuropathy (AMN) phenotype. AMN presents as a slowly progressive spastic paraparesis with sensory and sphincter disturbances in young adults, often without evidence of brain dysfunction. 31 The link between AMN and the cerebral forms of X-ALD was recognized concurrently and independently in 1976 by Griffin and associates in the USA 32 and Budka and associates in Vienna. 33 Powers and associates have conducted extensive studies of the pathology of AMN, and have demonstrated that it is a non-inflammatory distal axonopathy. 34 -36 The distal axonopathy affects most severely the dorsal columns in the cervical cord segments and the corticospinal tracts in the lower thoracic and lumbar segments of the spinal cord. Evidence of axonopathy is also present in the peripheral nervous system. 37 In AMN the primary defect is in the axon, with little or no evidence of an inflammatory response, with myelin loss a consequence to this, and thus differs fundamentally from the cerebral inflammatory forms of X-ALD. X-ALD patients in whom neurological involvement is confined to the spinal cord and peripheral nerves and who do not have clinical or MRI evidence of brain involvement are referred to as having the pure AMN phenotype. On MRI they do not show evidence of inflammatory brain involvement although they may show abnormalities of the corticospinal tract in the internal capsule. 18, 38 Brain Magnetic Resonance Spectroscopy studies show evidence of axonal involvement. 39 Magnetic Resonance transfer MRI permits quantitation of the abnormalities in the dorsal columns of the cervical cord. 40 AMN and the cerebral forms of X-ALD often co-occur in the same family. There is no correlation between the nature of the ABCD1 mutation and phenotype. The action of a modifier gene has been proposed. 41 Currently, it is not possible to determine whether a young asymptomatic male is at risk for AMN or the cerebral phenotype. Approximately 20% of patients with AMN also have or develop clinical and MRI evidence of inflammatory brain disease. 42 Such patients are classified as having the AMN cerebral phenotype. They progress more rapidly than those with the pure AMN phenotype.
The "Addison-only phenotype"
Approximately 20% of male X-ALD patients have primary adrenocortical insufficiency without clinical or MRI evidence of neurological involvement. Such patients are classified as the "Addison only" pheno type of X-ALD. They cannot be distinguished clinically from patients in whom Addison disease is due to other causes. It has been estimated that up to 30% of idiopathic disease in young boys is due to X-ALD. 43, 44 Addison only X-ALD patients are identified by screening patients with Addison disease with plasma VLCFA. We recommend that this assay be performed in all male patients with Addison disease. Adrenal function tests performed in asymptomatic boys identified by VLCFA screening of relatives of known X-ALD patients, have revealed that in 70% the plasma ACTH levels were already increased before age two years, indicative of impaired adrenal reserve. 45 Careful monitoring and appropriate adrenal hormone replacement therapy can thus prevent the morbidity and mortality associated with overt adrenal insuf-ficiency. Nearly all patients with the "Addison only" phenotype caused by ALD, later also develop either the cerebral or the AMN neurological manifestations. Careful monitoring of their neurological status is required so that they receive appropriate interventions.
"The asymptomatic-normal MRI" phenotype
Plasma VLCFA screening of both the immediate and extended family of known X-ALD patients has led to the identification of more than 200 males who have the biochemical and gene abnormality of X-ALD, but who are free of symptoms or neurological abnormalities and normal conventional brain MRI 12 (even though Magnetic Resonance Spectroscopy studies may show subtle changes). 26, 46 It is likely that this will become one of the most frequent X-ALD phenotypes. Most of the patients in this category are less than seven years old. Cognitive function is normal in most, 27 and thus provide a key group for therapeutic interventions. Longer follow-up is required to assess long-term prognosis. While the risk of developing the cerebral inflammatory phenotype diminishes after 7 years, our previous experience suggests that they are at high risk of developing AMN in adulthood.
Clinical manifestations in women who are heterozygous for X-ALD
Approximately half of women who are heterozygous for X-ALD develop an AMN-like syndrome in middle age or later. 10, 47 It is of later onset and milder than the AMN that affects males, but a small proportion of neurologically symptomatic women require a wheelchair. Overt adrenal insufficiency and the inflammatory cerebral phenotype occur in approximately 1% of heterozygotes. 48 In one instance the severe phenotype in an ALD heterozygote was shown to be due to an Xq27-Ter deletion in the second X-chromosome. 49 Skewed X-chromosome inactivation patterns have been proposed as the cause of neurological involvement in the symptomatic carriers.
50,51
THERAPY
General supportive care and symptomatic treatment for patient and family, provided by pediatrician or neurologist, with appropriate specialist consultation, nursing, schools, rehabilitation and social agencies, are the cornerstones for the care and treatment of patients with X-ALD. Currently used medical therapies of X-ALD include hormone replacement therapy, dietary therapy with "Lorenzo's Oil," and Hematopoetic Stem Cell Transplantation. Other approaches are still under investigation. These include phenylbutyrate, which has shown promising results in a mouse model of X-ALD, 52 arginine butyrate, 53 and Lovastatin. 54 Particular interest attaches to approaches that increase the expression of ABCD2, 55 a gene that maps to chromosome 12 and codes for a protein that can substitute in part for the function of ALDP, and in the long range, gene replacement therapy.
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Hormone replacement therapy Adrenal hormone replacement therapy is mandatory for all X-ALD patients who have primary adrenocortical insufficiency, which is present in more than 70% of male X-ALD patients. It can be life saving. All male patients should be monitored for adrenal insufficiency with plasma ACTH levels and, when ambiguous, with the ACTH stimulation test. Baseline cortisol levels are not sufficiently sensitive. 45 While the hormone replacement benefits the endocrine status and improves general strength and well-being, it does not appear to alter neurological status significantly, although some moderate benefit has been reported in AMN. 57 Glucocorticoid requirements are generally the same as those used for other forms of primary adrenal insufficiency. Adult patients generally receive 25 mg of cortisone acetate or 20 mg hydrocortisone administered in the early morning with a smaller second dose of 12.5 mg or 10 mg respectively, given in the late afternoon. The dosage in children is 5 to 10 mg/24 hr. Patients are instructed in a protocol to augment glucocorticoid coverage during physical and mental stress and provided with a parental methylprednisolone dose for use if vomiting prevents oral dosing. When postural hypotension, hyponatremia or hyperkalemia persist despite adequate glucocorticoid replacement, fludrocortisone 0.05 to 0.1 mg/day, is prescribed. Males with clinical manifestations of hypogonadism that are associated with low serum testosterone concentration should receive androgens.
Dietary therapy with "Lorenzo's Oil"
Lorenzo's Oil (LO) is a 4:1 mixture of glyceryl trioleate and glyceryl trierucate. Oral administration of this oil, combined with moderate reduction of fat, normalizes or significantly lowers the levels of VLCFA in the plasma of patients with X-ALD within four weeks. 58 This striking biochemical effect engendered the hope that this would have a favorable effect on clinical course, but a series of single-arm clinical trials led to the consensus that the oil did not significantly alter the rate of progression who were already symptomatic when therapy was initiated, particularly those with the cerebral inflammatory phenotypes. 59 -62 However, two recent reports provide evidence that LO may benefit two phenotypes: a preventive effect in asymptomatic boys whose brain MRI is normal 28 and a slowing of progression of pure AMN. 63 The prevention study involved 89 asymptomatic patients with normal MRI, baseline age 4.7 ϩ 4.1 years who were followed for 6.9 Ϯ 2.7 years. A proportional hazards model was used to evaluate the association between reduction of plasma VLCFA levels and the devel-opment of abnormal MRI and neurological abnormalities, and a statistically significant association was demonstrated. The data indicate that substantial and consistent reduction of plasma C26:0 levels led to a two-fold reduction or greater reduction of the risk of developing the childhood cerebral form of X-ALD without serious adverse effects and maintenance of normal cognitive development and physical growth. The dietary therapy requires careful supervision by a multidisciplinary team including a nutritionist to ensure that VLCFA levels are lowered, and that nutritional balance is maintained. There is a moderate reduction of platelet count in approximately 30% of patients, but this can be managed by adjustment of LO dosage. Abnormal bleeding was not observed. Adrenal function must be monitored and appropriate adrenal hormone replacement provided. Brain MRI is monitored at 6 to 12 months intervals. If MRI abnormalities develop, patients are considered for Hematopoietic Stem Cell Transplantation (HSCT) in accordance with current criteria. 64 The authors recommend that carefully supervised LO therapy be offered to asymptomatic boys with normal brain MRI whose age is between one and eight years, the age period of greatest risk for the development of the childhood cerebral phenotype.
Koehler and Sokolowski have conducted an open study of the effects of LO on the neurological progression in men with pure AMN. 63 The study included 45 men. The patients were followed for a period of 6.3 years (range 2-12.8 years). All of the patients normalized their plasma VLCFA levels. Twenty-two (48%) remained absolutely stable and in 84% progression during therapy was significantly slower than it had been during the pre-treatment period. While these results are highly encouraging, definitive conclusion is not possible because of the open study design. A double-blinded placebocontrolled study of LO therapy in men and women with pure AMN is now in progress at the Kennedy Krieger Institute.
Hematopoietic Stem Cell Transplantation (HSCT)
In 1990 Aubourg et al. 65 reported stabilization (and possibly reversal) of neurological changes in a boy with early childhood cerebral ALD. Shapiro et al. 66 reported that this stabilization persists for five to ten years. The mechanisms of the benefit of HSCT has not been defined. Donor derived cells do enter the central nervous system and the gradual replacement of a portion of perivascular microglia by donor derived cells, 67 ,68 may exert a favorable metabolic effect. Alternatively or in addition the favorable effect may be due to the immunosuppression and the reconstitution of the immune system by donor derived celles, affect HSCT. The immunosuppression alone apparently does not account for this effect, because patients who were immunosuppressed, but did not engraft, continued to progress. 69 Peters et al. 64 have reported the follow-up of 126 patients with X-ALD who had received either bone marrow or umbilical cord HSCT during the period 1981-1999. Mahmood et al. 70 compared the outcome in the transplanted group with a comparable group of patients who were followed at the Kennedy Krieger Institute who had not been transplanted. Outcome of the transplant varied strikingly with the clinical stage of the illness at the time of transplant. Outcome was favorable in patients in whom transplant was performed at the early stage of the illness, defined here as those patients in whom neurological deficits were confined to one or less of six neurological domains, the 34-point Loes ALD MRI severity score 24 was Ͻ9, and the performance IQ was Ͼ 80. In this group the five-year survival was 92% and the neurological and functional status far superior to that in the non-transplanted group. For the group with more advanced deficits, five-year survival for the transplant group (45%) was less than that in the non-transplant group (60%). HSCT is recommended strongly for patients in the early stage of cerebral X-ALD, but not for those in the more advanced stages. It is not yet known whether HSCT can benefit patients with the non-inflammatory pure AMN. Such trials have not been performed because in view of the risk of HSCT and the slow progression of pure AMN, the risk benefit ratio for such patients did not favor transplant. However, it may be possible to assess the potential benefit of HSCT for pure AMN by determining whether boys who were transplanted for the cerebral ALD develop AMN in early adulthood. At this time, we do not recommend HSCT for asymptomatic patients who have a normal MRI. This recommendation is based upon the risk of the procedure and the past experience which indicates that half of these patients are not expected to develop the cerebral ALD even without therapy. However, this recommendation may be changed if HSCT is later found to benefit patients with pure AMN and if the risk of HSCT can be diminished.
Therapeutic approaches for specific X-ALD phenotypes Table 1 summarizes the therapeutic approaches to specific ALD phenotypes.
The following points are emphasized:
1) Our study of more than one thousand pedigrees with X-ALD indicates that all affected males develop either adrenal or neurological disability, and most commonly both, during their lifetime. Diagnosis and therapy is therefore important.
2) Adrenal function must be monitored in all males, and appropriate replacement therapy be provided when there is clinical or biochemical evidence of primary adrenocortical insufficiency. Continued vigilance about this aspect is necessary, particularly in boys who present with behavioral disturbances and in adult AMN patients who live independently at times of physical stress.
3) All male patients with Addison disease should be screened for ALD with the plasma VLCFA assay, because without treatment nearly all will later develop neurological deficits.
4) Current therapies for cerebral ALD, that is dietary therapy and HSCT, are beneficial only in patients who are asymptomatic or in the early stage of the illness. More than half of the patients with cerebral involvement who are diagnosed on the basis of symptoms are too advanced to benefit from currently available therapies.
In his report on the international experience with HSCT for boys with cerebral X-ALD, Peters pointed out that approximately one third of the cohort were diagnosed on the basis of a positive family history while the remaining two-thirds of patients in the cohort were diagnosed on the basis of signs and symptoms of cerebral X-ALD. There were marked differences with respect to outcomes between these two groups. Specifically, boys who were diagnosed at an early stage of cerebral disease, typically because of a positive family history, enjoyed a statistically significantly higher probability of survival at 5 years and a markedly superior quality of life with respect to neurologic and neuropsychologic function when compared to boys with advanced cerebral X-ALD. 64 Emphasis should therefore be on diagnosis before neurological symptoms occur. At present this is achieved by screening at-risk relatives (including the extended family) of all known X-ALD patients. (It should be recalled that only 5% of ALD patients have de-novo mutations. 12 ) Screening of Addison disease patients with the plasma VLCFA assay provides another method to identify to neurologically asymptomatic patients. Methods to develop and 64 for distinction between mild and severe cerebral forms. ** See text for distinction between pure and cerebral AMN. *** Placebo controlled trial in progress. **** False negatives occur. ***** HSCT being considered for mild AMN cerebral.
validate neonatal screening are in progress, and if this can be achieved and implemented, this would permit monitoring adrenal function and brain MRI in all patients, and permit prevention of overt Addison disease due to ALD, and timely HSCT therapy of patients with cerebral involvement.
While early diagnosis and application of current therapies has improved the prognosis of patients with X-ALD, there is need to gain better understanding of pathogenesis and new and more effective therapies.
PREVENTION
Even though current therapies show promise, they carry a risk, their long-term efficacy is not proven and they place considerable and at times very severe burdens on the patients and their families. Prevention, therefore, continues to be top priority. This can be achieved through genetic counseling. Mutation analysis permits reliable identification of women who are heterozygous for X-ALD 14 and should be offered to all women who are at risk. Prenatal diagnosis that combines biochemical, immunological and DNA analysis is reliable. 71 Preimplantation diagnosis, which is now available, offers an additional alternative.
